Functional role of exercise-induced cortical organization of sensorimotor cortex after spinal transection. Spinal cord transection silences neuronal activity in the deafferented cortex to cutaneous stimulation of the body and untreated animals show no improvement in functional outcome (weight-supported stepping) with time after lesion. However, adult rats spinalized since neonates that receive exercise therapy exhibit greater functional recovery and exhibit more cortical reorganization. This suggests that the change in the somatotopic organization of the cortex may be functionally relevant. To address this issue, we chronically implanted arrays of microwire electrodes into the infragranular layers of the hindlimb somatosensory cortex of adult rats neonatally transected at T8/T9 that received exercise training (spinalized rats) and of normal adult rats. Multiple, single neuron activity was recorded during passive sensory stimulation, when the animals were anesthetized, and during active sensorimotor stimulation during treadmill-induced locomotion when the animal was awake and free to move. Our results demonstrate that cortical neurons recorded from the spinalized rats that received exercise 1) had higher spontaneous firing rates, 2) were more likely to respond to both sensory and sensorimotor stimulations of the forelimbs, and also 3) responded with more spikes per stimulus than those recorded from normal rats, suggesting expansion of the forelimb map into the hindlimb map. During treadmill locomotion the activity of neurons recorded from neonatally spinalized rats was greater during weight-supported steps on the treadmill compared with the neuronal activity during nonweight supported steps. We hypothesize that this increased activity is related to the ability of the animal to take weight supported steps and that, therefore, these changes in cortical organization after spinal cord injury are relevant for functional recovery. cellular mechanisms underlying the modulation of cutaneous ascending transmission in anesthetized cats. Prominent role of the spinal central pattern generator in the recovery of locomotion after partial spinal cord injuries. J Neurosci 28: 3976 -3987, 2008. Beekhuizen EC, Field-Fote KS. Massed practice versus massed practice with stimulation: effects on upper extremity function and cortical plasticity in individuals with incomplete cervical spinal cord injury.
treadmill; hindlimb; electrophysiology; multiple; single neuron THE ROLE OF CORTICAL REORGANIZATION in the sensorimotor cortex of the brain after traumatic injury has been studied for over fifty years. Reorganization is generally demonstrated by the representation of skin surfaces along the edge of the deprived cortex that appear to expand topographically into part of the deprived cortex somatotopically (Merzenich et al. 1983 ). Although it is generally accepted that cortical reorganization can occur after amputation of digits (Kelahan and Doetsch 1984; Rasmusson et al. 1992; McCandlish et al. 1996) , limbs (Rasmusson and Nance 1986) , or peripheral nerve damage (Merzenich et al. 1983; Kalaska and Pomeranz 1979; Wall and Cusick 1984) , the reorganization of the sensorimotor cortex in response to spinal cord injury is severely restricted due, in part, to a reduced opportunity for axonal sprouting in the central nervous system compared with the peripheral nervous system. In fact, in one of the first studies of the effects of spinal cord injury on neuronal activity in the cortex, Levitt and Levitt (1968) showed that regions of the cortex that normally respond to cutaneous stimulation below the level of the lesion (deafferented cortex) are silent (e.g., do not increase their responsiveness to cutaneous stimulation above the level of the lesion) after the spinal cord injury. McKinley and Smith (1990) confirmed these results in studies of adult spinalized cats, demonstrating that the deafferentated cortex remains unresponsive and is not reactivated by forelimb afferents. More recent studies by Kaas and colleagues shed light on these issues (Jain et al. 1995) by showing that unilaterally lesioning the dorsal funiculus at the thoracic level (T6 -T8) silenced the hindlimb somatosensory cortex contralateral to the lesion, indicating that the spared spinothalamic tract is not sufficient to generate cortical responses to cutaneous stimulation. It is noteworthy that hindlimb motor deficits did not recover in these animals. Extending this work to neonatal injuries, they demonstrated that a spinal overhemisection at the cervical level (C3) at postnatal day 3 resulted in a complete lack of responses in the deafferented parts of the forepaw somatosensory cortex to stimulation below C3, even in rats that received an enriched environment until adulthood (Jain et al. 2003) . More recent studies using electrical stimulation (1 mA) showed silencing of the hindlimb sensorimotor cortex in adult spinalized rats (Endo et al. 2007; Ghosh et al. 2010; Aguilar et al. 2010 ). These results are in agreement with our recent data showing that the deafferented hindpaw somatosensory cortex in adult rats spinalized as neonates that do not receive any therapy is silenced (Kao et al. 2009 ).
In contrast, when animals received some form of exercise, there are measurable changes in the organization of the sensorimotor cortex. For example, neurons in the affected somatosensory cortex of spinalized kittens that received passive exercise responded to sensory stimulation of peripheral areas innervated rostral to the injury (Chau and McKinley 1991) . Moreover, when neonatally spinalized rats received treadmill exercise, motor cortex for upper trunk regions (Giszter et al. 1998a ) and sensory cortex for forepaw regions (Kao et al. 2009 ) expanded into the hindlimb sensorimotor cortex. The expansion of sensory and motor cortex was correlated to the ability of these animals to take weight-supported steps on the treadmill. Therefore, exercise after spinal cord injury modifies the organization of the somatosensory cortex, and this reorganization maybe functionally relevant. Improvement in functional outcome after rehabilitative therapy is generally thought to be the result of plasticity in response to increased activation of the spared neuronal networks (Edgerton et al. 2008; Lynskey et al. 2008 , Barrière et al. 2008 . In the case of spinal cord injury, these strategies have generally focused on plasticity below the level of the lesion. Because reorganization of the somatoptic maps in the cortex may play a critical role in functional recovery Kao et al. 2009; Ghosh et al. 2009; Nishimura et al. 2007) , it has been suggested that rehabilitative strategies should not be limited to targeting spinal cord plasticity but should address plasticity at all levels of the sensorimotor system (Beekhuizen and Field-Fote 2005; Thomas and Gorassini 2005; Winchester et al. 2005; Girgis et al. 2007; Hoffman and Field-Fote 2007; Martinez et al. 1995) . Nevertheless, the impact of rehabilitative strategies on cortical organization of the somatotopic maps in the cortex remains poorly understood.
To address this issue, we chronically implanted arrays of microwire electrodes into the hindlimb sensorimotor cortex (HL-SMC) of the cortex of adult rats that received a complete, midthoracic spinal transection as neonates and daily treadmill exercise therapy. Populations of single neurons were recorded in response to tactile stimuli when the animals were lightly anesthetized and when the animals were awake and locomoting on a treadmill and compared with that of normal rats. Our data demonstrate that the novel cortical organization in the brains of neonatally spinalized rats that received exercise is evident in the awake, freely moving animal, and this activity is greater during weight-supported stepping than during nonweight-supported stepping, suggesting that this novel organization is used to enhance motor function.
METHODS
Overview. The present study used multiple, single neuron electrophysiology in awake, freely moving rats and behavioral testing to identify the effect of exercise therapy (treadmill exercise) on cortical remodeling of the HL-SMC after a midthoracic transection (TX) in neonates. The complete TX eliminates hindlimb input to the HL-SMC cortex while leaving forelimb input intact. We used neonatal injury because treadmill exercise enables a percentage of adult animals spinalized as neonates to support their hindquarters during treadmill exercise (Kao et al. 2009; Giszter et al. 1998a; Giszter et al. 1998b; Miya et al. 1997 ). We measured changes in cortical organization in two ways. First, we recorded neuronal activity during passive stimulation of the cutaneous paw surface above the level of the lesion when the animal was lightly anesthetized. Second, we recorded neuronal activity during paw placements while the animals performed treadmill-induced locomotion. By studying changes in cortical organization of spinalized rats during both the awake and anesthetized conditions, we were able to correlate these changes with functional behavioral measures (percentage of weight-supported steps) and determine whether the changes were relevant to functional recovery. We did not make a direct comparison between spinalized rats that received exercise and spinalized rats that did not receive exercise because we had shown previously that the HL-SMC of rats that did not receive any exercise do not show any novel cortical reorganization (i.e., probability of responding to forelimb inputs was the same as a normal rat; Kao et al. 2009 ). Therefore, the effect of exercise therapy after complete spinal transaction on cortical organization was compared with the cortical organization of normal rats.
All procedures used in this study were performed under the guidelines of the National Institutes of Health and approved by the Institutional Animal Care and Use Committee of Drexel University College of Medicine.
Neonatal spinalization and postoperative care. The transection procedure for the pups was performed as in our methods published previously (Kao et al. 2006; Shumsky et al. 2005) . Briefly, 2-to 3-day-old Sprague Dawley pups (Charles River) were anesthetized by hypothermia, and the spinal cord was exposed by laminectomy at the T8/T9 level and transected with iridectomy scissors followed by aspiration to ensure completeness. A collagen matrix, Vitrogen, was injected into the site of the transection to fill the cavity. The muscle and skin were sutured in layers with 5-0 silk. Pups were then warmed and, when they became active, were returned to the mothers and littermates. The pups were weaned at 4 weeks and housed in controlled conditions of temperature and humidity under a 12-h:12-h light/dark cycle (lights on at 07:00) with free access to food and water. Sixteen neonatally spinalized rats that survived weaning were used in this study.
Spinalized rats were handled and examined 5 days/week for skin lesions and other health concerns. After weaning, rats were placed on a motorized treadmill for 3 min/day at a speed of 6.5 m/min, 5 days per week. Previous work has shown that neonatally spinalized rats that received treadmill training can step under speeds of 6 m/min but not 12 m/min (Miya et al. 1997 ). This treadmill regimen was selected because this level of exercise is known to enhance the representation of the forelimb to tactile stimulation by cells in the hindlimb sensorimotor cortex of neonatally spinalized rats (Kao et al. 2009 ). Exercise continued until the animals were 6-to 8 months old. Four animals did not survive past the end of training; two were euthanized due to autophagia, and two died, presumably due to complications from bladder infections. At this point, animals were chronically implanted with arrays of microeletrodes (see below). A total of 12 neonatally spinalized rats and 10 age-matched normal animals were implanted with arrays of microwire electrodes. Seven neonatally spinalized rats and eight normal rats survived the implant surgery and had sufficient single neurons (Ͼ10 per array; see spike discrimination below) to continue with the study.
To assess the completeness of the transection, spinal cords were stained with Nissl-myelin staining or Nissl-myelin combined with 5-HT at the end of the experiments. For both these procedures, rats were perfused transcardially with buffered saline, followed by buffered 4% paraformaldehyde. Spinal cords were removed and placed in phosphate buffer containing 30% sucrose for 72 hours. Specimens were frozen in tissue freezing medium (Tissue-Tek) and sectioned on a freezing microtome at 20 m. The lesion segments were either 1) sectioned parasagitally, and alternate sections were Nisslmyelin stained to confirm completeness of transaction (Kao et al. 2009) or 2) sectioned transversely, rostral and caudal to the spinal injury (T8/9) and stained with Nissl-myelin and a polyclonal antibody to 5-HT on alternate slices. For this second approach, frozen sections mounted on slides were incubated at 4°C with the primary antibody (diluted 1:40,000; Immunostar, Stillwater, MN) for 16 hours, with biotinylated goat anti-rabbit IgG for 2 hours, and with avidinbiotinylated horseradish peroxidase complex for 2 hours, as specified by the manufacturer (ABC Standard Kit; Vector Laboratories, Burlingame, CA). Peroxidase reactivity was visualized with 0.05% diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide in 0.05 mM Tris buffer. This second approach was used for the animals that had a high percentage of weight-supported stepping to ensure no possibility of spared fibers. The resulting sections were examined under a microscope to confirm completeness of the transection (Fig. 1) .
Implantation of electrode arrays. Six to eight months after spinalization, rats were chronically implanted bilaterally with arrays of microwires (stainless steel, 50 micron diameter insulated with Teflon; Neurolinc, Baskinridge, NJ) into the hindlimb representation of the sensorimotor cortex (HL-SMC) using the procedure from our hindlimb mapping study . The wires were first bundled and then separated into two rows of eight wires spaced 250 microns apart so that the relative position of any wire in the array and the pins on the connector were unknown. Therefore, it was not possible to perform a topographical analysis of the response across recording sites. A similar procedure was performed on age-matched normal adult control rats. Briefly, rats were anesthetized by intraperitoneal injection of pentobarbital sodium (45 mg/kg), placed in a stereotaxic frame, and craniotomies were performed over both the right and left cortices to expose the hindlimb representation. A craniotomy was made between coordinates relative to bregma: (0 AP, 2.5 ML), (Ϫ0.5 AP, 3 ML), (Ϫ2 AP, 2 ML), (Ϫ2.5 AP, 2.5 ML), where ML is the medial-lateral coordinate and negative AP coordinates are posterior to bregma (units are in millimeters). These coordinates center the microwires over the sensory and sensorimotor overlap region of the hindpaw granular cortex (Chapin and Lin 1984) . As the electrode array was slowly lowered, the signals were monitored, one channel at a time, on the oscilloscope and audio speakers. When the characteristic large amplitudes of layer V (infragranular layer) neurons were recorded on the majority of electrodes, the array was cemented in place with dental cement. It should be noted that the distinction between granular and agranular cortex relies on characteristics of layer IV cells and clearly refers to the locations where thalamocortical neurons project (Akers and Killackey 1978). In our study, we recorded from layer V/VI cells directly below this granular A: six discrete locations on each forelimb were repeatedly touched with a punctate stimulus (100 times). Three locations were on the paw [digit 2 (D2), palm pad 5 (PLM), and a single location on the dorsal forepaw (PAW)], and 3 locations were on the forelimb [wrist (WR), distal forelimb (FL), and the shoulder (SH)]. Locations D2, PLM, and WR were stimulated on the ventral glabrous skin surface; locations PAW, FL, and SH were stimulated on the dorsal hairy skin surface. B: single units were discriminated using the first and second principal components (PC1 and PC2). The black and gray represent 2 distinct neurons. C: a representative peristimulus time histogram (PSTH) from a single cell during passive stimulation of a single location on the forepaw under anesthesia. The response magnitude was defined as the integral of the PSTH between the first significant bin (1) and the last significant bin (2). The peak response (3) was defined as the single bin with the most spikes. The stimulus was presented at time zero. The dashed line represents the threshold for a significant response. D: a representative unsmoothed perievent time histogram (PETH) from a single cell during forepaw placement on the treadmill (for a complete analysis of types of responses see Chapin and Woodward 1986) . The response magnitude (RM), first significant bin, the last significant bin, and the peak response (PR) are defined as in B. The forepaw placement was made at time zero. E: verification of the completeness of the transection using Nissl staining. F: histological verification of electrode placement into the hindlimb sensory-sensorimotor overlap region of the infragranular layer of the cortex. Arrow indicates location of electrode tips. Inset is reprinted from Paxinos and Watson 1986. cortex. Because the precise position of each electrode could not be verified as being below the granular or agranular cortex, it is possible that some of these cells were recorded from cortex outside the granular zone ( Fig. 1 ). However, the possibility is equally likely for neonatally spinalized rats as the normal adult rats. Animals were allowed 7-10 days to recover from the implantation surgery before physiological evaluations of the neurons were performed. Recordings were completed within 4 weeks of implant. Single neuron discrimination. Single neurons were discriminated from the analog signal recorded from each microwire immediately before physiological assessment of the cells using our standard methods Tutunculer et al. 2006; Foffani et al. 2004 ), similar to those used to study the receptive fields of cells in the trigeminal somatosensory system of the rat (Ghazanfar and Nicolelis 1999; Leiser and Moxon 2006) . To assess the responsiveness of cells to passive sensory stimulation, each animal received an induction dose of Nembutal (35 mg/kg), which immobilized the rat but ensured minimal interference of the anesthesia on the neural recordings (stage III-2; Friedberg et al. 1999) . Stable levels of light anesthesia were maintained by giving small supplements when the rat responded to tail-pinch. No anesthesia was given to animals before recording sessions during treadmill locomotion. Even though any movement of the arrays was likely to be small (e.g., micromotion), cells were rediscriminated each day. Although we do not know whether the same cell was recorded during active and passive recordings sessions, they clearly belonged to the same population of cells. Therefore, for statistical purposes, the activity recorded from each cell was considered an independent sample.
To perform the discrimination, a VLSI headstage with 10ϫ gain (HST/16o50-G1; Plexon, Dallas, TX) was attached to each of the two connectors on the rat's head, and the headstage was connected to a multineuron acquisition system (MNAP; Plexon). Signals from the electrodes were further amplified reaching a total gain of 10,000 -20,000 and filtered (bandpass 154 Hz-13 kHz). The resulting analog signals were displayed on an oscilloscope and amplified through audio speakers to aid in online neuronal spike sorting. Real-time spike sorting software (SortClient; Plexon) captured action-potential waveform segments around a voltage threshold crossing and sorted these in real time according to their shape. Neural signals were monitored via a computer screen using the SortClient software, an oscilloscope, and audio speakers. To discriminate single units, template matching was used (Wheeler 1999 ) and the first three principal components of the template were monitored to define the waveform shape and ensure clear separation between units before the recording session began (Chapin and Nicolelis 1999) . Waveforms were saved for offline analysis to ensure single unit separation by testing for no significant changes (F-statistic, WaveTracker) in their waveform shape or principal components collected during a single recording session using methods identical to our previous studies (Leiser and Moxon 2007) ensuring reliability in our single-unit separation. A total of 367 cells were recorded from the infragranular layer of the seven neonatally spinalized animals and 343 neurons were recorded from the eight intact rats during the passive sensory stimulation procedure described next.
Passive sensory stimulation procedure. Cells were recorded from the lightly anesthetized animals while the cutaneous surface of the forelimbs was stimulated with a triggered stimulus using methods similar to our previous mapping study of the HL-SMC ( Fig. 1A ) . Stimulation locations were chosen based on the rat's use of these areas for tasks involving complex discrimination (Whishaw and Pellis 1990; Whishaw and Gorny 1994) . Six sparse locations were chosen for stimulation: three on each forepaw (digit 2, ventral palm, dorsal paw) and three on each forelimb (ventral wrist, a location on the proximal limb, and a location on the distal limb; Fig.  1 ). These locations were chosen to maximize the number of responding neurons, while maintaining a reasonable compromise between spatial sampling precision on the body and experimental feasibility.
Each location was consecutively tapped 100 times at 0.5 Hz with a fine-tipped metal probe, which was controlled by a precision stepper motor (Gemini GV6) that was in turn controlled by a servo drive (Parker Hannifin Corporation, Compumotor Division, Rohnert Park, CA), and which delivered squared-pulse tactile stimuli (duration: 100 ms, frequency: 0.5 Hz), similar to previous studies (Chapin 1986; Foffani et al. 2004; Tutunculer et al. 2006) . To ensure that only tactile receptors at the sight of contact were activated, the tip of the metal probe moved 0.5 mm in response to the square-pulse stimuli. To control the magnitude of the stimuli at each location, the metal probe was first positioned on the skin, ensuring contact but no visual indentation under 10ϫ magnification. The metal probe was then moved 0.5 mm away from the skin, and the stimulation was begun. The effect of the stimulus was viewed under 10ϫ magnification to ensure no movement of the digits or limb. All locations were tapped within the same recording session to ensure that the same neurons were recorded in response to stimulation of all locations. All 100 stimuli were given to a location, and the stimulator was then moved to the next location. The frequency of stimulation of 0.5 Hz corresponds to twice the interstimulus interval shown previously not to influence subsequent responses (Chapin 1986 ). The motor stimulator simultaneously sent pulses to the data acquisition system for precise timing of the stimulus onsets. The waveforms and action potential times of all the discriminated neurons were recorded, and data were stored in NeuroExplorer (Nex Technologies, Littleton, MA, version 2.66) for offline analysis. For each stimulus location, peristimulus time histograms (PSTHs) of all neurons (1 ms bin size) were calculated using NeuroExplorer (Fig. 1B) , and exported to Matlab (version 6.5, The Mathworks) for further analysis as in our work that was published previously (Tutunculer et al. 2006; Moxon et al. 2008) .
Data analyses. Although the activity of all cells was continuously recorded during stimulation at all 10 locations, each cell was responsive to only a small number of stimulated locations. For each cell, only significant responses were processed for further analysis. Significant responses were identified from the PSTHs using three tests for each discriminated neuron and peripheral location stimulated: 1) A threshold was set as the average background firing rate of the neuron (evaluated from 100 ms to 5 ms before the stimulus) plus 3 standard deviations and the first and the last significant bin (1 ms bin size) that exceeded the threshold in a window between 5 ms and 90 ms after the stimulus was identified, 2) at least three bins had to be over the threshold, and 3) the response between the first and last significant bin had to be significantly greater than the average background activity (unpaired t-test, P Ͻ 0.001).
For each neuron with a significant response, we first identified the location that gave the greatest response. We then determined the percentage of cells with their largest response ipsilateral to the stimulus and the percentage of cells with their largest response contralateral to the stimulus. In addition, for each neuron, eight measures of neuronal responsiveness were extracted from the PSTH for the largest response (1 response per neuron): 1) spontaneous activity measured in spikes per second; 2) response magnitude, using all the spike, the average number of spikes per stimulus between the first and the last significant bin minus the background firing rate (i.e., probability of spike per stimulus); 3) the average peak response minus the background firing rate (i.e., the number of spikes per stimulus per bin); 4) first spike latency or time to the first spike after the stimulus; 5) the first bin latency, or the time interval between the stimulus onset and the first significant bin of the response; 6) the peak latency, or the time interval between the first significant bin and the peak of the response; 7) the last bin latency, or the time interval between the stimulus onset and the last significant bin of the response; and 8) the receptive field size or number of locations to which the cell was responsive time. The duration of the response was calculated by subtracting the first bin latency from the last bin latency. The jitter of the first spike was measured as the variance in the latency to the first spike.
This procedure is similar to our previous study (Kao et al. 2009 ) except here we extend that work in the following ways. First, we examine for the first time, the duration of the response, the jitter of the first spike, and changes in the size of the receptive field. Second, as explained below, we compare the responses that were produced from stimuli ipsilateral to the stimulus as well as contralateral. The eight measures defined above and the percentage of responding cells were then compared between animal groups (neonatally transected vs. normal) and between stimulus position (ipsilateral to the neuron recorded or contralateral) using a two-way ANOVA. The first factor, animal group, had two levels: spinalized and normal. The second factor, stimulus position, had two levels: ipsilateral or contralateral to the neuron being recorded. A Tukey post-hoc was used to identify differences between groups following a significant interaction.
Active sensorimotor (treadmill) stimulation procedure. To extend our previous work (Kao et al. 2009 ) we also measured the responsiveness of HL-SMC neurons to active sensorimotor stimulation by recording neuronal activity during locomotion on a motorized treadmill (Fig. 1C) . The rat was placed on the nonmoving treadmill in an enclosed chamber while the single neuron discrimination procedure, as defined above, was performed at each recorded channel. When the single neuron discriminations were complete, a video camera (Mintron, Taipei, Taiwan) was placed in a position that allowed a lateral view of the rat during treadmill locomotion. A mirror was placed behind the animal and the lateral view of the back of the rat was also recorded. The camera was connected to a VCR (SONY SL-HF750), which captured 60 frames per second. The VCR was connected to a synchronization signal generator and time/date text inserter (FOR-A VTG-55) that recorded the duration of the rat's awake, freely moving session with millisecond resolution on each frame. At the start of the neuronal recording, the clock was reset to zero by the Plexon MNAP system's start-recording TTL pulse synchronizing the video with the neural data. Neural signals and synchronized high-speed video were recorded simultaneously during the entire recording session. When the experimenter was ready, the treadmill was turned on to run at a speed of 6.5 m/min. After the animal began treadmill-induced locomotion, neural recordings were started and the Plexon system synchronized the video recording with neural data. Each recording session lasted 10 minutes. A total of 212 cells were recorded from the infragranular layer of six of the neonatally spinalized animals (the dataset from the 7th animal was corrupted with noise artifact and unusable), and 419 neurons were recorded from the eight intact rats.
Offline video analysis of behavior. The videotape of each recorded session was viewed offline, one frame at a time (17 ms per frame), to identify the time at which each paw made contact with the treadmill. When the appropriate frame was identified, the timestamp on that frame was entered into the NeuroExplorer data file containing the times of action potentials for each individual cell recorded. For each recording session, the times of the first 100 forepaw footfalls for each paw were determined. Finally, to compare the neural responses during hindlimb weight-supported steps with those during nonweight-supported steps, the times of both forepaw and hindpaw placements during weight-supported steps were assessed as well as the times of forepaw and hindpaw placements during nonweight-supported steps when the animal made a sweep. A weight supported step was defined as a sequential flexion and extension of the hindlimbs so that the hindquarters were elevated above the surface of the treadmill, and a nonweight-supported step was defined as when the animal swept its hindlimb for hindpaw contact on the treadmill, but the hindquarters were not elevated above the surface of the treadmill.
Data analysis. Not every recorded cell responded to forepaw footfalls on the treadmill. Only those cells that showed a significant response to the footfalls were used for further analysis. To determine whether a cell had a significant response, perievent time histograms (PETHs) were generated around footfalls for every neuron recorded using the timestamps obtained during offline video analysis of the rat's behavior (5 ms bin size). The PETHs were then exported to Matlab (version 6.5; The Mathworks) for further analysis. Because the animals were moving during the recordings, spontaneous activity was defined as the activity of the cells during the entire recording procedure. To define a significant response, first a threshold was defined for each cell as the 99% confidence interval around a random Poisson process, with the same mean as that cell's firing rate for the entire recording period being investigated. The PETHs were then smoothed in a window, 500 ms long, centered on the time of the footfalls with a sliding window, 25 ms long using a zero phase digital filter. For each smoothed waveform, the first and last bin greater in amplitude than the chosen threshold defined a region around the peak that had a finite width and position with respect to the overall PETH. The first and last bins identified were then applied to the original, unsmoothed PETH for each neuron. To be classified as significant, the response of the cell required the presence of at least three bins between the first and last bin that exceeded threshold in the unsmoothed PETH (Fig. 1D) .
With the use of the largest response from each neuron, six of the measures defined above for the passive sensory stimulation paradigm were extracted from the PETH: 1) spontaneous activity, 2) the response magnitude, 3) the peak response, 4) the first bin latency, 5) the peak latency, and 6) the last bin latency. The duration of the response was calculated as the last bin latency minus the first bin latency. These measures and the number of responding cells were then compared between groups (neonatally transected vs. normal) and between paw placement (paw placement is ipsilateral to the neuron recorded or contralateral) using a two-way ANOVA similar to that described above for passive sensory stimulation paradigm. The first factor, animal group, had two levels: spinalized and normal. The second factor, paw placement, had two levels: ipsilateral or contralateral to the neuron being recorded. A Tukey post-hoc was used to identify differences between groups following a significant interaction.
Assessment of functional recovery. Some adult rats that are spinalized as neonates and receive treadmill exercise are able to support their hindquarters through a step cycle during treadmill-induced locomotion (Kao et al. 2009; Giszter et al. 1998a; Giszter et al. 1998b; Miya et al. 1997) . We define a step cycle as a sequential flexion and extension of the hindlimb on the treadmill. Not all step cycles on a treadmill are weight supported. Weight-supported step cycles, in which the hindlimbs support the hindquarters so that they are elevated above the surface of the treadmill, were distinguished from nonweight-supported step cycles, in which the hindlimbs flex and extend, but the knee remains in contact with the treadmill, and the hindquarters are not elevated above the surface of the treadmill. To assess the functional behavior of the spinalized rats, treadmill sessions were videotaped in the lateral view, and the percentage of weight-supported steps (%WSS) was assessed over 3 minutes of treadmill locomotion before the animals were connected to the tethers used for electrophysiological recordings to ensure that there was no interference of the tethers on the assessment. Data analysis. To evaluate the effect of the transect on the animal's stride during treadmill locomotion, the time between left and right forepaw footfalls was calculated and compared between the two groups. The average time between forepaw footfalls for each animal was calculated and the value for spinalized rats was compared with that of normal animals using Student's t-test. The locomotor behavior of the spinalized rats was also assessed by calculating the percentage of hindlimb weight-supported steps (%WSS) during the first 100 steps of the video. The time between forepaw footfalls was correlated to the %WSS using Spearman's rho.
Finally, to evaluate the functional significance of the changes in cortical reorganization, the neuronal responsiveness, as measured by the PETH, during weight-supported steps was compared with the neuronal responsiveness around nonweight-supported steps for which there was some identifying movement (e.g., sweeps) for the six parameters from the perievent histogram (response magnitude, peak, first bin latency, peak latency, last bin latency, and duration). A multivariate ANOVA was used to assess statistical differences in the neuronal responsiveness between the two types of steps.
Step cycles in which the hindlimbs did not move were not included. Six spinalized rats that took weight-supported steps were included in the analysis.
RESULTS

Passive sensory stimulation.
A total of 61 of 343 neurons (18%) recorded from eight normal animals and 256 of 367 (68%) neurons recorded from seven spinalized animals responded to stimulation of at least one forelimb location. As expected, based on our previous work with single microelectrodes (Kao et al. 2009 ), a significantly greater proportion of HL-SMC cells recorded from the neonatally spinalized animals responded to forelimb stimulation compared with that of normal animals [animal group factor: F(1, 31) ϭ 15.6; P Ͻ 0.001].
Here we extend these results to show that this was true whether the cells primarily responded to a contralateral stimulus (spinalized contralateral cells: 40.6 Ϯ 24.5%; normal contralateral cells: 13.1 Ϯ 12.4%) or an ipsilateral stimulus [spinalized ipsilateral cells: 32.4 Ϯ 25.6%; normal ipsilateral cells: 8.1 Ϯ 7.3; stimulus position factor: F(1,31) ϭ 1.0; P ϭ 0.32; interaction factor: F(1,31) ϭ 0.80]. Therefore, HL-SMC neurons from spinalized animals that received exercise therapy are approximately four times more likely to respond to forelimb tactile stimulation than HL-SMC cells recorded from normal animals.
Cells recorded from the spinalized rats were also more likely to respond to more locations than those recorded from the normal rats [animal group factor: F(1,313) ϭ 52.4; P Ͻ 0.0001] with cells more likely to respond to contralateral locations than ipsilateral locations [stimulus position factor: F(1,313) ϭ 10.69; P Ͻ 0.05; interaction factor: F(1,313) ϭ 0.076; P ϭ 0.78]. Contralateral cells from spinalized animals responded to 3.2 Ϯ 1.6 locations, whereas contralateral cells from normal animals responded to 1.6 Ϯ 1.1 locations. This represents a twofold increase. A similar difference was found when comparing ipsilateral cells from spinalized animals (2.5 Ϯ 1.3 locations) with ipsilateral cells from normal animals (1.03 Ϯ 0.2). The largest proportion of both contralateral and ipsilateral cells from spinalized animals (64.7% and 70.8%, respectively) had their greatest response to locations on the paw while contralateral or ipsilateral cells from normal animals had their greatest response (68.0% or 86.7%, respectively) to locations on the forearm rather than the paw. Therefore, the receptive field of HL-SMC cells recorded from spinalized rats covered a large portion of the forelimb/forepaw but the locations were predominately on the paw.
As reported previously, there were significant differences between the neuronal activity of HL-SMC cells recorded from neonatally spinalized rats that received exercise compared with those from normal rats during passive sensory stimulation (Fig. 2) . We now extend that result to compare changes in neuronal activity when the stimulus was contralateral with the neurons and when the stimulus was ipsilateral. For both contralateral and ipsilateral stimuli, the average spontaneous firing rate for HL-SMC cells recorded from the spinalized rats was significantly greater than that recorded from normal adult rats [animal group factor: F(1,313) ϭ 5.9, P Ͻ 0.02; stimulus location factor: F(1,313) ϭ 0.1, P ϭ 0.7; interaction factor: F(1,313) ϭ 0.2, P ϭ 0.7]. Despite this increase in spontaneous activity, these cells responded with more spikes per stimulus [animal group factor: F(1,313) ϭ 5.9, P Ͻ 0.001; stimulus position factor: F(1,313) ϭ 3.2, P ϭ 0.08; interaction factor: F(1,313) ϭ 3.7, P ϭ 0.06]. This increased responsiveness was also observed when the peaks of the PSTHs were compared [animal group factor: F(1,313) ϭ 37.8, P Ͻ 0.001; stimulus position factor: F(1,313) ϭ 12.9, P Ͻ 0.001; interaction factor: F(1,313), P Ͻ 0.005]. However, the difference was only significant when the stimulus was contralateral to the cell (Tukey; P Ͻ 0.0001). Moreover, the variance in the latency to the first spike (jitter) was significantly reduced for spinalized rats compared with normal rats [animal group factor: F(1,313) ϭ 47.7, P Ͻ 0.001; stimulus position factor: F(1,313) ϭ 3.6, P ϭ 0.06; interaction factor: F(1,313) ϭ 5.8, P Ͻ 0.05; Tukey, contralateral P Ͻ 0.0001 and ipsilateral P Ͻ 0.05].
There was also a difference in the first bin latency of the response regardless of whether the stimulus was ipsilateral or contralateral [animal group factor: F(1,313) ϭ 8.2, P Ͻ 0.005; stimulus location factor: F(1,313) ϭ 5.0, P Ͻ 0.05; interaction factor: F(1,313) ϭ 3.1, P ϭ 0.08], but there were no significant differences in the peak latency, the last bin latency or the duration of the response, or between cells recorded from spinalized and normal rats.
These data extend our previous results to show that the significant increase in response magnitude of neurons under anesthesia after spinal cord injury (SCI) compared with neuronal activity recorded from normal animals is in addition to a significant increase in spontaneous activity. Furthermore, this increase in response magnitude is well time-locked to the stimulus and not due to an increase in the duration of the response.
Behavioral assessment on treadmill. The spinalized animals that received treadmill exercise displayed the usual broad range of percentage of weight-supported steps during treadmill induced locomotion (0%-79%) (Miya et al. 1997 ). The average time difference between placements of sequential right and left forepaws during treadmill locomotion for the spinalized rats (average 475 ϩ 17 ms) was significantly greater than that of normal rats (average 304 ϩ 5 ms; P Ͻ 0.001; Fig. 3A ). The average time between sequential right-left forepaw placements was negatively correlated with the percentage of weight-supported steps each rat was able to take (Spearman's rho, rsquared ϭ 0.42, P Ͻ 0.05; Fig. 3B) .
Active sensorimotor stimulation. There were also significant differences between the neuronal activity of HL-SMC cells recorded from neonatally spinalized rats and that of normal rats when the animals were walking on the treadmill (Fig. 4) . A total of 142 of 419 neurons (33.9%) recorded from eight normal animals had a significant response to forepaw placement on the treadmill, whereas 121 of 212 (57.1%) neurons recorded from six spinalized animals had a significant response. Similar to the somatosensory responses, there were differences in the proportion of cells that responded to a stimulus across groups [F(1,28) ϭ 4.9, P Ͻ 0.05]. Cells recorded from spinalized rats were, therefore, more likely to respond to a stimulus (29.91 Ϯ 23.9) than cells recorded from normal rats (15.11 Ϯ 13.9).
For these responsive cells, there were significant differences across groups for each of the PSTH variables regardless of whether the paw placement was ipsilateral or contralateral to the cell recorded (F statistic and P value for factor stimulus location and interaction not presented). Neurons recorded from spinalized rats had significantly higher baseline firing rates [animal group factor: F(1,259) ϭ 105.23, P Ͻ 0.001] and response magnitudes [animal group factor: F(1,259) ϭ 84.23, P Ͻ 0.001] to forepaw placements on the treadmill than neurons recorded from normal animals. Therefore, cortical cells within the hindlimb somatosensory cortex devoid of its normal inputs respond with increased robustness to forepaw placements during active sensorimotor stimulation induced by treadmill locomotion.
In addition to increased spontaneous firing and response magnitude of HL-SMC neurons recorded from spinalized awake animals, the peak of the PETH for cells recorded from spinalized rats was greater than that of normal rats, suggesting that this activity was well time-locked to the event [F(1,259) ϭ Fig. 2 . A: peristimulus time rasters and histograms generated from cells simultaneously recorded from the hindlimb sensorimotor cortex during stimulation of the cutaneous forelimbs under light anesthesia. The responses of 6 representative cells are shown from each group of rats. Each cell responded to passive stimulations of the cutaneous forepaw digit 2. The PSTH of cells recorded from the spinalized rats had greater spontaneous activity, greater response magnitudes relative to the spontaneous activity, and their peak latency was shifted in time but the duration of their response was not significantly different from the normal rats. The rasters above each PSTH show the spikes (dots) per trial (row of dots). B: response measures of cells in the hindlimb somatosensory cortex recorded during passive sensory stimulations of the cutaneous forelimbs separated by whether the stimulus was ipsilateral or contralateral to the neuron for spinalized rats and normal rats: receptive field size, background activity, response magnitude, peak response, latency of the peak of the response, jitter to the first response, first bin latency, last bin latency, and duration of the response.
118.81, P Ͻ 0.001]. The first bin latency and the peak latency of cells recorded from spinalized rats were also shifted significantly earlier than that of normal rats [F(1,259) ϭ 20.79, P Ͻ 0.001 for first bin latency and F(1,259) ϭ 7.26, P Ͻ 0.01 for peak latency]. Moreover, the duration of the response to forepaw footfalls was greater for cells recorded from spinalized rats compared with those recorded from normal rats [F(1,259) ϭ 3.97, P Ͻ 0.001]. Therefore, in contrast with the similar duration of the response of these neurons to passive sensory stimulation, the duration of the neurons' response during active, sensorimotor events was greater in the spinalized rats than that of the normal rats.
Functional relevance of increased responsiveness of HL-SMC neurons. To assess the functional relevance of increased responsiveness of HL-SMC cells to forepaw placement during treadmill induced locomotion, the neuronal responses during weight-supported steps were compared with those during nonweight-supported steps that had some type of identifying locomotor movement (e.g., sweep of the hindpaw; Fig. 5 ). The magnitude of the response of cells to forepaw placement was greater when the animal took a weight-supported step compared with when the animal took a step that did not support the weight of its hindquarters [F(1,130) ϭ 5.37, P Ͻ 0.05] but there was no difference in the magnitude of the peak of the responses. The latency of the peak was shifted later [F(1,130) ϭ 5.98, P Ͻ 0.05] as was the latency of the last bin [F(1,130) ϭ 10.89, P Ͻ 0.005], therefore increasing the duration of the response [F(1,130) ϭ 10.85, P Ͻ 0.005]. To further understand differences in the responses, the responses around hindlimb paw placements were compared for weight-supported steps and nonweight-supported steps (sweeps). There was no significant difference in the magnitude of the response [F(1,108) ϭ 2.76, P ϭ 0.10], but the peak of the response was significantly greater around weight-supported steps compared with nonweight-supported steps [F(1,108) ϭ 6.23, P Ͻ 0.05]. Moreover, the peak of the latency occurred earlier [F(1,108) ϭ 7.30, P Ͻ 0.01] and the last bin latency was later [F(1,108) ϭ 6.40, P Ͻ 0.05], but there was no difference in the duration of the response [F(1,108) ϭ 1.78, P ϭ 0.19]. Therefore, the magnitude of the responses around footfalls was greater when the animal took a weight-supported step compared with steps when the animal was unable to support its weight.
DISCUSSION
This is the first demonstration of the effect of spinal cord injury on single neuron activity in awake, freely moving animals that sustained a spinal injury. Taken together with previous studies on spinal cord injury demonstrating a general silencing of the affected area of the brain in the absence of exercise therapy, the results of this study suggest that exercise therapy can promote novel organization of the somatotopic maps of the cortex that is functionally relevant during awake exercise. As shown previously (Kao et al. 2009 ), treadmill therapy increased the probability that neurons in the HL-SMC would respond to functionally relevant stimuli of peripheral areas innervated by spinal segments rostral to the injury compared with those of normal animals or spinalized rats that did not receive therapy. Here we extend those results to show that during passive tactile stimulation responses recorded from spinalized rats were greater and better time-locked to the stimulus than those recorded from normal animals. Moreover, when recording from animals in the awake state, the neuronal activity around footfalls was greater when the animal took a weight-supported step compared with nonweight-supported steps. Therefore, the novel cortical organization associated with rehabilitative therapy in animals that received daily treadmill exercise after neonatal spinal cord injury is likely to be directly involved in the functional recovery.
In normal animals, the hindpaw-forepaw overlap in the primary somatosensory cortex can be useful for sensory and sensorimotor integration between paws (Alenda and Nunez 2004; Moxon et al. 2008 ) during functionally relevant behaviors and is involved with postural adjustments made during locomotion (Beloozerova et al. 2003) . Moreover, neonatally spinalized rats that receive treadmill exercise and develop some weight-supported locomotion have increased representation of axial musculature in the motor cortex (Giszter et al. 1998a ). Furthermore, the ability of these animals to make appropriate postural adjustments to maintain balance contributes to their ability to take weight-supported steps (Giszter et al. 2008) . Therefore, the responses of HL-SMC neurons of spinalized rats during treadmill-induced locomotion could represent sensorimotor integration in the form of afferent feedback Fig. 3 . A: comparison of a weight-supported step where the animal clears the surface of the treadmill and a nonweight-supported step. B: average time differences in sequential forepaw footfalls between spinalized and normal rats. During treadmill induced locomotion, the average time between forepaw footfalls was less than that for spinalized rats. C: average time differences in sequential forepaw placements of spinalized rats negatively correlated with percentage of weight-supported steps (%WSS) during treadmill-induced locomotion. R ϭ -0.66; P Ͻ 0.05. For the spinalized rats with lower %WSS, more time elapsed between sequential right and left forepaw placements.
for motor control signals to the forelimb, upper trunk, and long axial muscles of the trunk. This may allow the spinalized rats to not only lift but also to stabilize their hindquarters during treadmill induced locomotion, and thus be able to produce more weight-supported steps.
Changes in cortical spontaneous activity. Cortical responses to sensory stimuli strongly depend on the ongoing spontaneous activity of cortical networks (Arieli et al. 1996; Wörgötter et al. 1998; Tsodyks et al. 1999; Kisley and Gerstein 1999; Azouz and Gray 1999; Kenet et al. 2003; Lakatos et al. 2008 ). However, it is not possible to assess the impact of the reorganized cortical network on spontaneous activity when indirect measurements of neuronal activity are used (Girgis et al. 2007; Endo et al. 2007; Ghosh et al. 2010) . We recently showed that immediately after spinal cord injury, functional reorganization is evident and this functional reorganization is due, at least in part, to a state change in which cortical spontaneous activity becomes strikingly silent (Aguilar et al. 2010). In the chroni- Fig. 4 . A: perievent time rasters and histograms generated from cells recorded in the hindlimb somatosensory cortex while rats underwent treadmill-induced locomotion. Three cells simultaneously recorded from 1 normal (left) and 3 simultaneously recorded from 1 spinalized (right) rat are shown. Each cell had a significant response to the forepaw placements. Time zero on the x-axis indicates time of forepaw placement on the treadmill. The HL-SMC, unlike the forelimb, has significant overlap of sensory and motor function and, since the paw placements are sensorimotor events, it is not unusual for the responses to occur before paw placements (see Chapin and Woodward 1986 for a more complete description). B: response measures of cells in the hindlimb somatosensory cortex recorded around the time of forepaw placements during treadmill-induced locomotion. The background activity, response magnitude, peak response, and duration of response were significantly greater for cells recorded from spinalized rats compared with those from normal animal. No significant difference was observed in the peak latency for spinalized rats compared with normal. cally spinalized animals examined here, the organization is stable and the state of the systems is represented by higher background firing rates both during light anesthesia and when awake. It is noteworthy that the increases in the responsiveness of these cells were in addition to this overall increase in spontaneous activity, suggesting a substantial overall increase in neuronal activity, especially during treadmill locomotion.
Changes in neuronal responsiveness. We showed previously that the proportion of hindlimb cells responding to forelimb stimulation in spinalized rats that did not receive exercise was less than 8% (Kao et al. 2009 ), confirming an effective silencing of the hindpaw cortex in response to tactile stimulation of any part of the cutaneous body surface in the absence of exercise found in other spinal injury models (Levitt and Levitt 1968; McKinley and Smith 1990; Jain et al. 1995; Jain et al. 2003; Endo et al. 2007; Ghosh et al. 2010; Aguilar et al. 2010) . In contrast, the proportion of hindlimb cells recorded from animals that received daily treadmill exercise was greater than 50% (Kao et al. 2009) , and this result is confirmed in the present work using a fixed array. The majority of these cells responded to passive stimulation of the paw but not to stimulation of the limb or shoulder whose cortical representations is adjacent to the hindpaw somatosensory cortex. Therefore, the increase in proportion of responding cells in the neonatally spinalized rats that receive exercise is biased toward stimulation related to functional use of the paws rather than the closest anatomical brain structure.
The fact that this represents an increase in probability of responding and not a de novo type of response suggests that existing cortical pathway between forepaw and hindpaw areas is not lost after complete spinal lesion and is, in fact, enhanced, both in number of connections and strength of connection, by exercise. Recent studies in adult spinalized rats using electrical stimulation confirmed that low intensity stimulation (1 mA) of the forepaws does not activate cells in the deafferented hindlimb cortex after complete midthoracic spinal transaction; however, stimuli at 5 mA does produce responses (Endo et al. 2007; Ghosh et al. 2010; Aguilar et al. 2010) . Therefore, even in adult spinalized rats, the substrate for reorganization appears to be present. It will be interesting to know if therapy that improves functional outcome in rats spinalized as adults also induces cortical reorganization that would be evident at tactile stimulation levels.
Although the anatomical substrate for these differences in proportion of responding cells, response magnitude, and latency are unknown, one possibility is the strengthening of cortico-cortical connections. Because it has been shown previously that the proportion of responding cells in the granular layer (layer IV) of either exercised spinalized rats (Kao et al. 2009) or spinalized rats that did not receive exercise (Jain et al. 2003) is similar compared with normal rats, changes in corticocortical activity are most likely to be responsible. The functional organization of the cortex supports the idea that sensory information is processed between layers within a column Fig. 5 . The responsiveness of cells in the hindlimb SMC of neonatally spinalized rats was greater during weight-supported steps (WSS) than during nonweightsupported steps (NWSS). A: responsiveness measures derived from perievent histograms centered on forelimb paw (FP) placement (see METHODS). The number of spikes was greater when the animal took a weightsupported step compared with when the animal took a step that did not support the weight of its hindquarters. There was no difference in the peak of the response for WSS compared with NWSS. However, the latency to the peak of the response was significantly later, and the duration of the response was significantly longer when the animal took a WSS compared with when the animal took a NWSS. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.005. B: responsiveness measures derived from perievent histograms centered around hind paw (HP) events (see METHODS). The measures are the same as in A.
before it is transmitted to other columns via the extragranular layers (Silva and Koretsky 2002) . The infragranular layers are particularly significant for sensory integration, because they represent the main output of the primary somatosensory cortex and can exert direct influence on the early stages of subcortical somatosensory processing (Martinez et al. 1995; Mariño et al. 1999; Canedo and Aguilar 2000; Aguilar et al. 2003; Temereanca and Simons 2004) . However, a primate study using a unilateral cervical spinal cord injury demonstrated reorganization in the thalamus that paralleled in the cortex after 2 years (Jain et al. 2008) . Therefore, a thalamocortical influence on the effects seen in the cortex cannot be ruled out without further study.
Our results support corticocortical changes but we cannot determine whether these changes are attributable to changes in synaptic efficacy, sprouting, or the formation of new connections across cortical regions. In normal animals after exercise, in vitro studies of local circuits to identify mechanisms for changes in cortical organization suggested that the ability of cells to alter synaptic efficacy depends on levels of incoming activity by increasing synaptic efficacy attributable to a general excitation of the cortical cells (Abraham and Bear 1996; Hickmott and Merzenich 2002) . Peripheral injury studies to identify the mechanism for cortical reorganization of affected regions of the cortex also support corticocortical plasticity (Donoghue and Sanes 1988; Wang et al. 1995; Lane et al. 1999) . Finally, synaptic plasticity has been shown in the motor cortex of adult rats with C4 over hemisections. In these cells, dendritic spine length increased and spine density decreased within 7 days but returned to normal by day 28 after hemisection, indicating a more immature and modifiable pattern of synaptic connectivity (Kim et al. 2006 ). However, because no exercise was reported for the spinal cord-injured rats of that study, it is possible that the reversal of changes in spine morphology could be made permanent with appropriate therapy. It remains unclear if more long-term changes in the cortex would have been observed if the rats had received any form of exercise.
Role of exercise therapy. Exercise therapy has been shown to improve functional outcome and induce reorganization of the somatotopic maps in the cortex of patients with SCI. For example, a longitudinal study using fMRI in human patients with spinal cord injury at the cervical level showed evidence that improvement in function after exercise therapy was associated with the extent of motor cortex activation (Jurkiewicz et al. 2007 ). Mapping studies with transcranial magnetic stimulation and electroencephalographic recordings in SCI patients revealed changes of cortical sensorimotor areas (Topka et al. 1991) . Preserved muscle groups above the level of lesion in SCI patients showed an enlargement of the related cortical sensorimotor areas compared with healthy subjects (Levy et al. 1990 ). In addition, during finger movements, SCI patients showed an increased volume of M1 activation. Increased activation was also found in nonprimary motor and parietal areas, as well as in the cerebellum during movements of the fingers, wrist, and elbow, whereas no changes were present during tongue movements (Curt et al. 2002b) . Our data are consistent with these studies and support an increase in cortical activation for sensory as well as sensorimotor events. Furthermore, they document that these expansions are the results of both more cells responding to the stimulus and, of the cells that respond, an increase in the number of spikes per stimulus.
Our data also support studies in human subjects, suggesting that the increased representation is relevant for functional recovery. For example, PET studies demonstrate that in tetraplegic patients the strength of wrist extension is related to an increased area of activation in the contralateral SMC (Bruehlmeier et al. 1998; Curt et al. 2002a) . In addition, a case report on intensive, bimanual training of a C6 motor complete spinal injury resulted in functional improvement and an increased representation of the involved muscles in the cortex (Hoffman and Field-Fote 2007) . Finally, cortical reorganization demonstrated with PET in primates trained to use their digits in dexterous gripping task can be causal to functional recovery (Nishimura et al. 2007 ). The direct method used here to assess the firing rate of single neurons shows that the increased neuronal activity around paw movements was associated with increased neuronal activity during weight-supported steps compared with activity during nonweight-supported steps. Therefore, during treadmill-induced locomotion, the activity in the HL-SMC is directly related to the ability of the animal to take weightsupported steps.
These results may have important consequences for the development of therapies for spinal cord injury. The fact that after a neonatal, midthoracic transection, cells in the hindlimb cortex are more likely to be engaged in the processing of sensorimotor information above the level of the lesions and that their activity is related to functional recovery supports the development of physical therapy paradigms devoted to functional changes at all levels of the sensorimotor system.
